Summary
Introduction
Obesity, in particular central obesity, and insulin resistance are two major components of the metabolic syndrome [1] [2] [3] [4] that describe a complex of independent metabolic risk factors including increased waist circumference, dyslipidemia (elevated triglycerides, low-density lipoprotein cholesterol and reduced high-density lipoprotein cholesterol), fasting hyperglycemia, and hypertension [5] [6] [7] . These factors mostly occur together and increase the lifetime risk of cardiovascular disease and type 2 diabetes [1] . Because obesity is closely associated with the occurrence of insulin resistance, common pathophysiological causes of the features of the metabolic syndrome are suspected but remain to be elucidated [8, 9] . In addition, the role of the adipose tissues as active endocrine organs has to be considered for the detection of endocrine abnormalities (in adipokines, cytokines) as independent and emerging risk factors for the metabolic syndrome and later diseases [10] .
Leptin and adiponectin are the most abundant adipokines primarily secreted by the adipocytes [11] . Leptin is an essential hormonal regulator of metabolism and neuroendocrine function that signals energy insufficiency or excess to the brain [12] . In steady-state conditions of energy supply, leptin concentrations correlate well with the amount of adipose tissue [13] . Adiponectin has insulin-sensitizing effects and exerts its action via AMPK in suppressing gluconeogenesis and enhancing lipid oxidation in liver and muscle [14] . In obesity, the balance of adipokines is altered [15] . Hyperleptinemia points to insensitivity of the body to endogenous leptin production, similar to the insulin resistance of type 2 diabetes [16, 17] . In contrast to leptin, adiponectin levels are decreased in obesity [18, 19] , also contributing to the impaired insulin sensitivity.
Because multiple clinical facets of the metabolic syndrome are known, there is an urgent demand for animal models that reproduce as close as possible the underlying spectrum of conditions coexisting in patients. Inbred strains of mice complement the search for genetic components of human diseases as well as the understanding of the biological and disease process investigations which can be performed under controlled environmental and genetic conditions [20, 21] . The Berlin Fat Mouse Inbred line 860 (BFMI860) harbors several gene variants contributing to obesity [22] . A major gene defect on mouse chromosome 3 is responsible for the highest fat mass gain and occurs during the juvenile phase of development that corresponds to humans aged between 12 and 20 years [23, 24] . The excessive adiposity in BFMI860 mice is associated with higher energy digestion, higher respiratory quotients, and a fatty liver syndrome [25] .
To elucidate bodily responses in adult BFMI860 mice that develop juvenile obesity, we studied features of the metabolic syndrome. We characterized BFMI860 mice in terms of pathophysiological changes leading to adipokine abnormalities, dyslipidemia, and impaired glucose and insulin tolerance in 20-week-old mice. Because high-fat diet is a nutritional condition that accounts for the largest incidence of the metabolic syndrome, we performed a feeding experiment in which BFMI860 mice were fed either a standard or a high-fat diet.
Material and Methods

Mice, Diets and Housing Conditions
The study was carried out on the Berlin Fat Mouse Inbred line 860 (BFMI860; Department for Crop and Animal Sciences, Humboldt-Universität zu Berlin, Berlin, Germany). BFMI860 is an inbred derivative of the Berlin Fat Mouse (BFM), an outbred, high fatness-selected population [22] . To control the environmental conditions, C57BL/6NCrl (B6; Charles River Laboratories, Sulzfeld, Germany) was used as a reference line. We wish to mention that the C57BL/6NCrl (B6) line differs genetically from C57BL/6J, which is most often used as a control line. The subline divergence occurred during the maintenance of mouse stocks in different subpopulations over many generations and is a major reason for phenotypic differences seen between different B6 sublines [26, 27] .
Three-week-old BFMI860 (n = 44) and B6 (n = 54) males were separated into two feeding groups and were placed on either a standard maintenance diet (SMD) or a high-fat diet (HFD) for 17 weeks. The SMD (V1534-000 ssniff R/M-H; ssniff Spezialdiäten GmbH, Soest, Germany) had a gross energy content of 12.8 MJ/kg (9% of calories from fat, 33% from protein, and 58% from carbohydrates). The HFD (S8074-E010 ssniff EF R/M; ssniff Spezialdiäten GmbH) had a gross energy content of 19.1 MJ/kg (45% of calories from fat, 24% from protein, and 31% from carbohydrates). The main source of fat in the SMD was soy oil, whereas the fat in the HFD was coconut oil and suet. Data on the food composition were provided by the producer. Animals had ad libitum access to food and water throughout the experiment. They were housed at 12-hour light/dark cycles (light on at 6:00 a.m.). All animal treatments were in accordance with the German Animal Welfare Legislation (approval no. G0301/08).
Mouse Phenotyping and Blood Serum Collection
Beginning at weaning, mice were weighed weekly to examine body weight gain. Body fat mass and body lean mass were measured biweekly in non-anesthetized mice by quantitative magnetic resonance (QMR) analysis using the EchoMRI whole body composition analyzer (Echo Medical Systems, Houston, TX, USA) [28, 29] . QMR measurements were performed in duplicate, and the mean was used for further analyses.
At 20 weeks, mice were sacrificed between 9 and 12 a.m. after a fasting period of 2 h. To obtain the largest possible blood volume, blood was obtained at necropsy after cervical dislocation. Blood plasma aliquots were directly used after dissection for the determination of cholesterol and triglyceride distribution in lipoprotein fractions. For the measurement of leptin, adiponectin and insulin, serum was stored at -20 °C until use. White adipose tissues (subcutaneous, epididymal) were dissected and immediately weighed.
Serum Hormone and Lipoprotein Analyses
Serum leptin and adiponectin were determined by enzyme-linked immunosorbent assay (ELISA) kits (mediagnost, Reutlingen, Germany, and R and D Systems, Wiesbaden, Germany, respectively). For leptin, samples were diluted 1/10 v/v with dilution buffer. For adiponectin, samples were diluted 1/5,000 v/v or 1/8,000 v/v with Reagent Diluent. According to the manufacturer, intra-assay coefficients of variation were 4.4% and 5.8%, and inter-assay coefficients of variation were 4.7% and 6.0% with sensitivities of 0.01 and 0.003 ng/ml for mouse leptin and adiponectin, respectively. Serum insulin was measured with an Insulin Mouse Ultrasensitive ELISA Kit from DRG Instruments GmbH (Marburg, Germany). Intraassay coefficient of variation was 8.7% and inter-assay coefficient of variation was 7.8%, with sensitivity of 0.188 ng/ml for mouse insulin according to the manufacturer's protocol.
Serum triglycerides were measured by enzymatic colorimetric method using commercial test kits (Biocon, Burbach, Germany) that were adapted for microtiter plates.
Lipoproteins were separated from blood serum by sequential ultracentrifugation, and cholesterol and triglyceride distribution in lipoprotein fractions were determined using a colorimetric method (Roche) as described previously [30] .
Glucose, Insulin, and Fat Tolerance Tests
To assess glucose tolerance, an intraperitoneal glucose tolerance test (ipGTT) was performed. To evaluate fasted insulin secretion and insulin resistance, which are key phenotypes of type 2 diabetes, an intraperitoneal insulin tolerance test (ipITT) was conducted. To consider the incretin effect, oral glucose tolerance tests (oGTT) were performed. Plasma triglyceride clearance was determined during oral fat tolerance tests (oFTT) by oral gavage of olive oil.
For all tolerance tests, subsets of mice at 20 weeks, fed either the SMD or HFD as described above, were used. In each feeding group, 5-9 BFMI860 and B6 males were used. Mice were fasted for 12-14 h (ipGTT, oGTT, oFTT) or 4 h (ipITT). After a baseline blood sample was taken (0 min), glucose (B. Braun, Melsungen, Germany) was given intraperitoneally [31] or orally at a dose of 2 mg/g body weight. For the ipITT, insulin was given intraperitoneally at a dose of 1 U/kg body weight. For the measurement of glucose concentrations, blood was obtained from the tail tip at 15, 30, 60, and 120 min for ipGTT and oGTT, and at 15, 30, and 60 min for ipITT. For the oFTT, 10 l olive oil/g body weight was administered. Aliquots of tail vein blood were collected for the determination of triglyceride concentrations immediately before and at 2, 3, 4, 6 and 12 h after the oral bolus load.
Hantschel/Wagener/Neuschl/Teupser/ Brockmann gain between 6 and 10 weeks [22] . Most fat is deposited in gonadal and subcutaneous adipose tissues. At 20 weeks, BFMI860 mice had on average 5 and 3 times as much body fat relative to their body weights as B6 mice on SMD and HFD, respectively (p < 0.001; table 1). On HFD, additional fat was accumulated mainly in subcutaneous adipose tissue (p < 0.05; table 1).
Hyperleptinemia and Hyoadiponectinemia of the BFMI860 Mouse
Due to the high body fat mass, serum leptin concentrations were highly increased in BFMI860 mice as compared to B6 mice. On SMD, BFMI860 mice had 5 times more fat mass, but 13 times higher serum leptin concentrations than B6 mice (p < 0.001; table 1); on HFD, BFMI860 mice had 3 times more fat mass and 10 times higher serum leptin concentrations. The leptin-to-fat ratios give a hint on the production of leptin in the adipocytes. These are marginally but significantly higher in BFMI860 mice, independently of the diet (1.2-fold for both diets, p < 0.01). The results suggest that the production and secretion of leptin on the cellular level of adipose tissues is little higher in BFMI860 than in B6 mice.
Hypoadiponectinemia was observed in BFMI860 mice. Consistent with the high body fat mass on SMD, BFMI860 mice had 44% lower serum adiponectin concentrations than B6 mice (p < 0.01; table 1). BFMI860 mice responded to HFD Blood glucose concentration was measured with the glucose analyzer Ascensia Elite (Bayer HealthCare AG, Leverkusen, Germany). To minimize distress, mice were kept in their accustomed cages and had free access to water. To assess glucose and fat tolerance, the area under the curve (AUC) was calculated between 0 and 120 min after glucose injection (mmol/l × 120 min), between 0 and 60 min after insulin injection (mmol/l × 60 min), and between 0 and 12 h after oil gavage (mmol/l × 12 h).
To roughly determine insulin sensitivity and resistance, the homeostasis model assessment of insulin resistance (HOMA-IR) was calculated from the product of fasting glucose (mg/dl) and insulin (ng/ml) divided by 22.5 [32, 33] .
Statistics
We performed an ANOVA with the general linear model to assess the effects of line (BFMI860/B6), diet (SMD/HFD) and all possible two-way interactions of the measured traits. Welch's t-test was used to evaluate the differences between the groups. Data is given as means ± standard deviation (SD). Differences were considered statistically significant at p < 0.05. All analyses were performed using the statistical package R 2.10.1 [34] .
Results
Response of the BFMI860 Mouse to Diets on Body
Composition BFMI860 mice harbor a natural mutation leading to early onset of obesity. BFMI860 mice are 1.6 times heavier than B6 mice at weaning (3 weeks of age) and show highest fat mass Glucose, mmol/l 8.9 ± 2.7 13.0 ± 9.5 7.2 ± 0.9 7.4 ± 1.0 Insulin, ng/ml 13.5 ± 12. nificant on HFD (p < 0.05; table 1). Because of the similar glucose concentrations and the elevated serum insulin concentrations in BFMI860 mice compared to B6, we examined glucose tolerance and insulin sensitivity. The oGTT, the ipGTT, and the ipITT provided evidence for insulin resistance in BFMI860 mice. The first hint gave the HOMA-IR index, which is based on the fasting serum glucose and insulin concentrations. High values are an indication for insulin resistance. The HOMA-IR indices were significantly increased in BFMI860 mice on both diets, particularly on HFD (p < 0.01, table 1).
On SMD, the glucose tolerance was moderately affected, while on HFD the glucose clearance was impaired. BFMI860 mice on SMD showed normal glucose clearance after oral glucose administration ( fig. 2a) , but, delayed glucose clearance after intraperitoneal glucose administration ( fig. 2c) . In both tests, BFMI860 mice had higher serum insulin concentrations. Due to the incretin effect [35, 36] , BFMI860 mice in the oGTT showed a marginal increase of serum insulin concentrations during the first 30 min after oral glucose administration (fig. 2e) ; no increase of insulin was measured in mice after intraperitoneal injection of glucose ( fig. 2g) . Furthermore, the glucose concentration in BFMI860 mice was not affected by intraperitoneal administration of insulin ( fig. 3a) .
During HFD feeding over 17 weeks, BFMI860 mice developed insulin resistance. The glucose clearance was delayed not only during the ipGTT ( fig. 2d ) but also during the oGTT (fig 2b) . Compared with glucose clearance in B6 mice, BFMI860 mice needed a similar time to clear glucose, but the glucose peak 15-30 min after glucose administration in BFMI860 mice was below that of B6 mice. Albeit the glucose clearance in the oGTTs of BFMI860 mice did not differ significantly between mice on SMD ( fig. 2a) and HFD  (fig. 2b) , the clearance was possible only under highly increased insulin concentrations, which BFMI860 mice had already before glucose administration ( fig. 2f, h ), after fasting overnight. An increase of insulin after oral glucose adwith further strong reduction of the serum adiponectin concentration down to 1.7 g/ml, which were about half of the adiponectin concentrations found on SMD and which were markedly lower than in B6 mice (p < 0.001).
Elevated Plasma Triglyceride and VLDL-Cholesterol Concentrations in the BFMI860 Mouse
Concentrations of total cholesterol and subfractions of cholesterol did not differ between lines on either diet. Both lines responded to HFD with hypercholesterolemia; HDL-and LDLcholesterol fractions were increased equally in both lines. Marginally higher cholesterol concentrations in VLDL were found in BFMI860 mice on HFD. To exclude a higher risk for atherosclerosis in BFMI860 mice, we examined BFMI860 males and females at the age of 30 weeks for aortic lesion formation. The results did not indicate the formation of atherosclerotic plaques or lesions in the aorta (data not shown).
BFMI860 mice showed hypertriglyceridemia and increased triglyceride concentrations in VLDL on both diets (p < 0.01, table 1). There was no difference between mice on SMD and HFD. The oFTT provided evidence for impaired fat uptake into tissues in BFMI860 mice on SMD, but not on HFD ( fig. 1 ). On SMD, the serum triglyceride concentrations increased 5-fold over 3 h after olive oil gavage before they dropped slowly. On HFD, the peak triglyceride concentration was measured 2 h after olive oil gavage and reached the basal concentration already 1-2 h later ( fig. 1b) .
Impaired Glucose Tolerance and Insulin Resistance of the BFMI860 Mouse
After a fasting period of 2 h, BFMI860 mice tended to have higher blood glucose concentrations on SMD and in particular on HFD, but they did not differ significantly from B6 since BFMI860 mice had higher variances (table 1). BFMI860 mice had 3 and 9.5 times higher standard deviation than B6 mice on SMD and HFD, respectively. BFMI860 mice had also conspicuously higher insulin values than B6 mice, which were sig- 
Discussion
Several risk factors describe the metabolic syndrome. The main components are central obesity, insulin resistance, dyslipidemia, and hypertension [6] . The presented data demonstrate that BFMI860 mice have i) central and peripheral obeministration could not be detected ( fig. 2f ). Further evidence for insulin resistance in BFMI860 mice on HFD was provided by the ipITT. The injection of additional insulin had no positive effect on glucose clearance. In contrast, 15 min after insulin injection, the serum glucose concentration was even higher than before (fig. 3b) . crease of serum glucose after intraperitoneal insulin injection in HFD-fed BFMI860 mice is likely the result of continued glucose synthesis in the liver and secretion into the blood while insulin-mediated glucose uptake into target tissues, particularly into the muscle, is disturbed. The elevated glucose concentration in the serum after insulin injection also suggests a higher insulin resistance in the muscle compared to the liver in BFMI860 mice. We furthermore expected a difference in glucose clearance between the oGTTs and ipGTTs. As a consequence of the incretin effect, after oral glucose administration higher insulin secretion leading to higher serum insulin concentrations, and faster glucose clearance were expected than after intraperitoneal injection. However, we found only marginally elevated insulin concentrations during the oGTT in BFMI860 mice on SMD, but not on HFD. The consistently elevated serum concentration of insulin in junction with low insulin sensitivity likely impairs signal transduction to induce additional insulin secretion. However, we cannot exclude that we missed the insulin peak due to the time regime of blood sampling, albeit we measured insulin every 5 min after glucose injection during the first 15 min.
The low insulin sensitivity might also be responsible for the low and delayed lipid clearance of BFMI860 mice on SMD. However, during the long feeding period of 17 weeks with HFD, BFMI860 mice likely went through a process of adaptation to HFD that led to an improved triglyceride uptake into target tissues after either high-fat feeding or oral fat administration. During this adaptational phase, HFD induces a transformation of adipose tissue that leads to a change of the functioning of the cells. The process is accompanied by increased leptin production and inhibition of adiponectin synthesis and secretion, which in turns may affect the insulin action [38] [39] [40] .
The increased lipid uptake in BFMI860 mice on HFD could not only lead to higher fat accumulation in adipose tissues but also to increased ectopic fat storage in the liver, muscle, and other tissues that do not typically store fat. BFMI860 mice on HFD show steatosis, which indicate higher lipid accumulation. sity with higher peripheral fat deposition on HFD, ii) impaired glucose tolerance with insulin resistance, which is further increased on HFD, iii) hypertriglyceridemia on SMD and HFD, but normal cholesterol concentration and distribution of HDL-, LDL-, and VLDL-cholesterol, except for VLDLcholesterol which is elevated under HFD.
Besides hypertriglyceridemia, BFMI860 mice did not show abnormalities in their cholesterol concentrations among lipoproteins as compared to B6 and many other mouse strains (Mouse Phenome Database: http://phenome.jax.org/). In contrast to humans who have high LDL-and low HDL-cholesterol concentrations, mice naturally have high HDL-and low LDL-cholesterol concentrations [37] . From the normal cholesterol concentrations in BFMI860 mice we also would not expect complications with atherosclerosis.
Like in most cases of rodent and human obesity [18, 19] , the BFMI860 mice had high serum leptin and low adiponectin concentrations. Consistent with the increased fat mass in response to HFD, serum concentrations of leptin or adiponectin were further increased or decreased. Because both adiponectin and leptin are mediators of insulin action, they could contribute to the observed impaired insulin sensitivity in BFMI860 mice.
The present study did not reveal major alterations in the glucose homeostasis of BFMI860 mice. BFMI860 mice can maintain normal serum glucose concentrations over a wide range of body fat percentage and diet composition over a long time. This is achieved at the expense of permanently elevated circulating insulin concentrations, which are high even after fasting overnight.
Hyperinsulinemia at still normal fasting blood glucose concentrations is an important characteristic for insulin resistance, which is seen in the high HOMA-IR indices of BFMI860 mice. Furthermore, delayed glucose clearance during the ipGTT on SMD and HFD are hints on impaired insulin sensitivity in BFMI860 mice. Finally, insulin resistance in BFMI860 mice was evident in the ipITT, where no glucose clearance was observed after insulin injection on either diet. The in- Fig. 3 . Insulin tolerance test in BFMI860 mice fed a standard maintenance or high-fat diet (n = 5). ipITT (a, b) was performed after a 4-hour fasting period. Glucose AUC was calculated to evaluate the response to ipITT. B6 was used as lean control mouse line. Results are means ± SD. Significant differences were observed: *** p < 0.001; * p < 0.05.
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Conclusion
In conclusion, the data presented here suggest that BFMI860 mice present three of four major components of the metabolic syndrome. These include obesity, dyslipidemia, and insulin resistance. Hypersecretion of insulin in these mice as an adaptive mechanism is required to avoid hyperglycemia. However, under high-fat feeding, this phenotype becomes threatening by the development of insulin resistance. As a major gene defect on chromosome 3 is responsible for the juvenile obesity, the BFMI860 mice present a unique model for the investigation of genetic and cellular mechanisms underlying the observed features of the metabolic syndrome and to search for potential targets that counterbalance risk factors.
